Abstract-The study of the many types of natural and manmade cavities in different parts of the world is important to the fields of geology, geophysics, engineering, architectures, agriculture, heritages and landscape. Ground-penetrating radar (GPR) is a noninvasive geodetection and geolocation technique suitable for accurately determining buried structures. This technique requires knowing the propagation velocity of electromagnetic waves (EM velocity) in the medium. We propose a method for calibrating the EM velocity using the integration of laser imaging detection and ranging (LIDAR) and GPR techniques using the Global Navigation Satellite System (GNSS) as support for geolocation. Once the EM velocity is known and the GPR profiles have been properly processed and migrated, they will also show the hidden cavities and the old hidden structures from the cellar. In this article, we present a complete study of the joint use of the GPR, LIDAR and GNSS techniques in the characterization of cavities. We apply this methodology to study underground cavities in a group of wine cellars located in Atauta (Soria, Spain). The results serve to identify construction elements that form the cavity and group of cavities or cellars. The described methodology could be applied to other shallow underground structures with surface connection, where LIDAR and GPR profiles could be joined, as, for example, in archaeological cavities, sewerage systems, drainpipes, etc.
Introduction
The study of the different types of natural and manmade cavities is important to the fields of geology, geophysics, engineering, architecture, agriculture, heritages and landscapes (LÓ PEZ-GETA 2002; DEPARIS et al. 2008; JOL 2009; PETTINELLI et al. 2011) . Geodetection is a noninvasive technique that is suitable for the accurate location of buried structures underground. Traditionally, this kind of underground cavity is characterized by topographic work, normally using laser imaging detection and ranging (LIDAR) techniques. As these techniques do not detect hidden structures, ground-penetrating radar (GPR) has also been used in cavity characterization by different authors. We add the integration of LIDAR with GPR data, joined by Global Navigation Satellite System (GNSS) positioning, to achieve the characterization of structures not detected by LIDAR.
GPR systems work by propagating a radio wave through the ground. The propagation characteristics of the ground medium determine the propagation velocity of the electromagnetic wave (EM velocity) and its attenuation as the wave propagates. Except for a few magnetic minerals, propagation in most ground media depends mainly on their electrical properties (e.g., LORENZO 1996; REPPERT and MORGAN 2000; LAPAZARAN 2004 ). Laser scanning is also a suitable measuring technique for monitoring the deformations of certain structures over time to ensure structural safety and guarantee the control of the structure (KEUMSUK et al. 2007; BURNS et al. 2012) .
The most commonly used techniques in geomorphology are GPR, seismic refraction and direct current (DC) electrical resistivity. These techniques are useful in answering unanswered questions in geomorphological research regarding the thickness of sediments and internal structures. SCHROTT and SASS (2008) report that the use of a single geophysical technique or a single interpretation tool is not recommended for many geomorphological surface and subsoil conditions as it may lead to substantial errors in interpretation. Due to modifications in the physical properties of the subsoil material (e.g., sediments, water content), in many cases only a combination of more than one geophysical method can give sufficient vision to avoid misinterpretation. Similarly, the use of geophysical methods has made it possible to identify the size, depth, shape and direction of difficult-to-access zones such as areas concealed behind walls or where there have been landslides within the cavities (JOL 2009) .
The joint use of GPR techniques, LIDAR and GNSS has been little used. Recently, a combination of GPR techniques and electrical resistivity tomography (ERT) has been applied to reveal archaeological structures in a mausoleum (NUZZO et al. 2009 ) and to detect a bronze foundry complex in the Acropolis (LEOPOLD et al. 2011) . SCHEIB et al. (2008) applied a combination of methodologies to characterize the geomorphology of a small mountain basin in Scotland. A terrestrial LIDAR was used to create a digital terrain model (DTM) on the surface and GNSS as a complement to other techniques. DEPARIS et al. (2008) used combined LIDAR, GPR and ERT data to assess the stability of cliffs. More recently, KEUSCHNIG et al. (2010) and HARTMEYER and KEUSCHNIG (2012) used a multidisciplinary approach based on GPR, ERT and LIDAR to investigate the stability responses of rock faces to climate change in high mountain areas. These techniques are also widely used in subsoil research for other purposes such as archaeology (CONYERS and GOODMAN 1997; PETTINELLI et al. 2011) , underground water contamination (LÓ PEZ-GETA 2002) , the general location of structures and anomalies in the subsoil, and localization and mapping of underground urban services (YOUNG and LORD 2002; FRANCESE and MORELLI 2006; FRANCESE et al. 2009 ). RODRÍGUEZ-GONZÁ LVEZ et al. (2014) developed a spatial information system in underground cavities that is able to detect and document the various elements with an array of cartographic products using LIDAR, GPR and ERT techniques. However, they do not calculate the precision of the detections, and the integration of the LIDAR and GPR registration is not calibrated. In this study, the authors estimate the EM velocity based on prior knowledge of a depth anomaly, information that is not always available.
In this study, we apply GPR surface prospecting and underground LIDAR scanning together with GNSS positioning to enable the determination and location of internal cavity structures, one of the aims of this research. To achieve this, we describe a novel methodology for estimating EM velocity based on its direct calibration by 'tuning' it using LIDAR-DTM data in an iterative process. We also explain an application test case, including data collection with the three sensors (GPR, LIDAR and GNSS), their processing and results, following a description of the methods used. The results are analyzed and discussed.
Methods
The GPR technique uses high-frequency electromagnetic waves to obtain structural information of the subsoil. The electromagnetic pulse is emitted from the transmitter antenna and travels through the subsoil at a speed determined by the dielectric properties of the subsoil materials. The pulse is reflected because of the lack of homogeneity (e.g., at a layer limit) and is received by a second antenna on the receiver, measuring the travel time. This EM velocity is conditioned by the dielectric permittivity of the soils (VASUDEO et al. 2009 ).
The dielectric permittivity of the medium (F m -1 )
can be expressed as:
where e 0 is the dielectric permittivity in space (e 0 = 8.854187817 9 10 -12 F m -1 ) and e r is the relative permittivity of the medium (dimensionless). The attenuation (dB) of the wave propagated to a depth z and returned can be characterized as: where c = 2.99792458 9 10 8 m s -1 is the EM velocity in vacuum; r is the conductivity of the medium (S m -1 ) and x the angular frequency of the wave (x = 2pf, where f is the wave's frequency). The parameter d is the penetration depth, also known as the skin depth, and represents the depth at which the amplitude of the wave is reduced to 1/e of its initial value. The EM velocity in a dielectric is given by:
When r is small as compared with xe, the EM velocity can be expressed as:
The attenuation is clearly dependent on frequency: the higher the frequency, the lower the penetration of the wave. However, the EM velocity is not dependent on frequency. In low conductivity media, the permittivity is the parameter controlling both the attenuation and the EM velocity: the higher the permittivity, the lower both the velocity and the penetration of the wave. Similarly, when the medium has high conductivity, both the velocity and penetration are reduced. The ground tends to have low conductivity, but it can be greater in a wet terrain, particularly if minerals are present (Table 1) .
A GPR recording is a time sequence of received amplitudes and requires the knowledge of the EM velocity to locate these detections at a depth. The bibliography includes several well-known methods for measuring EM velocity (e.g., DOBRIN and SAVIT 1988; BALANIS 1989; LORENZO 1996; YILMAZ 2001; LAPAZARAN 2004; JOL 2009 ). There is no easy way of implementing these methods with reliable results; there are persistent problems with the shape, steepness or positioning of the reflector, and the hypotheses on soil homogeneity are not always achieved.
Some methods aim to obtain the effective parameters of the medium in the laboratory using ground samples. Other methods try to determine prior environmental stratigraphy and its relation to reflection times (FERNÁ NDEZ PASTOR 2007) . For instance, LÓ PEZ-PIÑ ERO et al. (1998) used local time-domain reflectometry (TDR) to estimate the depth of penetration of the radar signal. They found that the data significantly differ when using computed values of e r instead of the commonly accepted values calculated in laboratory research with radar.
EM velocity is highly dependent on the soil type, as shown in Table 1 . This dependence is also very closely correlated with soil porosity-particularly when it is not consolidated-its wetness and the concentration of dissolved mineral salts. Even when the macroscopic composition of the soil medium is known, a measurement of the EM velocity is required.
In this article, we propose a method to estimate the EM velocity in the ground by matching two profiles corresponding to the same place although obtained using two different techniques: GPR from the surface and LIDAR from inside and outside the cavities, integrating both systems with GNSS techniques. Once the EM velocity is known, the GPR profile will be properly processed and migrated, and Table 1 Propagation parameters of different media (modified from BENSON et al. 1983; DAVIS and ANNAN 1989; PÉREZ 2001; DANIELS et al. 2004 detections will also show the hidden cavities and structures by comparing them with the visible internal structures detected by LIDAR. We compute the EM velocity by superimposing two longitudinal profiles along the same site with different measurement techniques. One is recorded by means of GPR and the other using LIDAR, both integrated with GNSS techniques. We estimate the EM velocity in the ground required to locate the GPR detection of hidden cavities and old hidden structures from the cellar by fitting them in our test case. This is a novel method for tuning the EM velocity through the conjunction of these technologies.
The emergence of new terrestrial laser scanner devices in the field of measurement has increased the possibility of obtaining more accurate and complete 3D models of the objects. Data acquisition with laser scanning devices is also very quick. However, particular care should be taken during the analysis, processing and modeling phases of the laser scanner data, which tend to have a high presence of noise that needs to be removed before interpretation. If the object is complex, multiple LIDAR records must be made and georeferenced, identifying at least three homologous points in the overlapping area of two consecutive LIDAR records. The subsequent dataprocessing phase must calculate the three rotations and the three translations in order to refer each pair of LIDAR records to a single reference system. The scheme of the methodology is shown in Fig. 1 and is explained throughout this article.
The main problem when processing LIDAR records is to refer all the point clouds of the different scenes obtained to a single coordinate system. The first phase of processing the LIDAR data involves identifying the relationship between the different coordinate systems in each scene materialized by a point cloud. In order to refer each pair of LIDAR records to a single reference system, the three rotations and three translations can be calculated using the following equation (BORNAZ and RINAUDO 2004 ):
where (x, y, z) represent the coordinates of a point cloud referred to the single reference system, and (x 0 , y 0 , z 0 ) are the three translations to refer the reference point of the scanner to the single reference system. These translations are actually the reference point coordinates of the scanner referred to the single reference system. R xuj is the rotation matrix between the measuring system of the scanner and the single reference system. D is the distance from the scanner reference point to the point measured on the terrain. V and H are respectively the zenithal and horizontal angles to the terrain point recorded by the scanner. The rotation matrix and the translations for each couple of scanner scenes in Eq. (5) were calculated using the scanned control points (spheres) common to each pair of scenes. Thus, in each scanned scene during the field phase, measurement was guaranteed of at least three control points (spheres) between every two overlapping scenes in their common scanned area. These spheres naturally remained motionless during the LIDAR registration phase.
Once each set of transformations and rotations, joining each pair of scenes, had been computed, all the recorded points in the different scenes became relative to a single coordinate system, forming a single point cloud. We subsequently performed a final coordinate transformation to refer all the registered points to the ETRS89 reference system using the records of the spheres. The positions of these spheres were determined during the field phase using GNSS techniques in the ETRS89 reference system.
Application Test Case: Atauta (Soria, Spain)
As a test case, our methodology has been applied to a specific type of cavity used for underground wine cellars. The underground cellars found in different parts of Spain are part of a scattered agricultural landscape, which today is sometimes in disrepair and often at risk of disappearing. The observation and detection of both the outside and underground parts of the cavity are essential for compiling an inventory of the rural heritage (FUENTES-PARDO and GUERRERO 2006) . We study the characterization of cavities by GPR, LIDAR and GNSS of a group of wine cellars located in Atauta (Soria, Spain), in the Duero River corridor, shown in Fig. 2 . This is a unique architectural complex built on a smooth hillock, as shown in Fig. 3 .
The cavities in the study are usually formed by a cave or cellar dug into the natural soil below ground level where wine is produced and stored (OCANA and GUERRERO 2006) . Each cavity has a single entrance that allows access through a vault or tunnel to its interior spaces. The entrance is north-facing in order to facilitate ventilation, and there are normally one or more chimneys, known by the Spanish term ''zarceras. '' In this type of underground cavity, external vibrations are not transmitted to the interior. The humidity is very high with minor variations. The Diagram of the procedures used to characterize cavities by the GPR, LIDAR and GNSS techniques Vol. 172, (2015) Characterization of Cavities 3127 summer heat absorbed by the surroundings is released during the winter, and the cold accumulated during the winter is released during the summer. The temperature inside is almost constant throughout the year, a feature in common with other types of cavities. Certain conditions of humidity and temperature can be obtained in the cavity by varying the depth and type of soil. Thus, the data on the volume of earth supported by the wine cellar and the air contained inside are directly related to its hygrothermal behavior and its influence on the atmosphere in the cavity (SILVIA and IGNACIO 2005) . The study area, Atauta, is located 950 m above sea level. It is set in an open valley, oriented eastwest with prevailing westerly winds. The temperature range from day to night is around 20°C from fall to spring. The study area belongs to the large morphostructural domain of the Duero Basin.
NOZAL and HERRERO (2005) The horizontal speed of the GPR over the surface of the terrain was slower than 0.5 ms -1 . This slow horizontal speed was chosen in order to ensure good GPR horizontal resolution and good accuracy in the trace positioning by GNSS. The prospecting was done in February 2013 after a series of rainy days. We measured along two profiles with GPR as shown in Fig. 4 : one along the longitudinal axis of a cavity and the other crossing several almost parallel cellars. Both profiles were measured using two radar frequencies: 100 and 200 MHz.
Simultaneously, a Faro focus 3D instrument was used to obtained laser scanner scenes of the interior and exterior of the cavity. This equipment has ±2 mm precision when measuring distances and an angle resolution of 2.0 9 10 -4 radians. Its range is from 0.6 to 120 m. In order to the georeference, at least three homologous points in the overlapping area of two consecutive LIDAR records (a set of white spheres) were used. These spheres were correctly positioned on each LIDAR record, and their positions were then measured with GNSS techniques (see Fig. 5 ). The spheres were made of plastic and had a 7.25-cm radius. LIDAR station records were planned on the ground. Special care was taken when placing the spheres (control points of overlap between scenes; see Fig. 6 ). We also made sure all scans overlapped and covered the full study area. The result of each scan is a complete record of a point cloud of the scanned object. Each point has (x, y, z) coordinates on an instrumental reference system. Several scans were required to completely cover the cavities in this study. In this case we used a horizontal resolution of 8.0 9 10 -4 rad and a vertical resolution of 16.0 9 10 -4 , which means about 26 million points per scan. The total amount of time required for all scans was about 45 min. The GNSS geodetic control was applied to support the observations of terrestrial LIDAR and GPR and determine the position of the points observed with these two systems both horizontally and vertically. These positions must be obtained on the European Terrestrial Reference System 1989 (ETRS89) geodetic reference system, with sufficient accuracy.
The geodetic control was performed in February 2013. We used three GX1230GG Leica GNSS dualfrequency geodetic receivers equipped with a Leica AX1202GG geodetic antenna. A 1-h observation session was performed using the static method for the relative phase difference (HOFMANN-WELLENHOF et al. 2008 ) with one of the receivers. A second receiver was used simultaneously to observe various control points in order to georeference the terrestrial LIDAR observations. Global Navigation Satellite System GNSS-RTK (RIZOS 2002) technology was selected for this purpose. To perform this task, spherical white targets were placed at suitable points to be registered with the LIDAR system at a later stage. Essential and significant parts of the cellars' masonry construction were recorded using the same system. Also using GNSS-RTK technology, the third receiver was simultaneously coupled to the GPR system to send the position obtained by RTK through a NMEA protocol to the GPS processor. The position of the GPS antenna with respect to the antennae of the GPR equipment was properly calibrated in order to avoid systematic offsets in the position of the antennae.
Data Processing
The radar profiles were processed using Reflexw software (SANDMEIER 2012). Previous to the signal processing, the profiles were prepared (''pre-processed'', as referred in Fig. 7 ) by introducing the correct coordinates in the trace headers. These coordinates were obtained after the GNSS postprocessing. The matching of each trace with its corrected coordinates was done though the time code correspondence. Once the GPR profiles had been prepared for processing, we applied some non-velocity-dependent processing steps. This includes as first step the statics correction of each trace in order to align the arrival of the direct wave along the profile. This processing step was necessary when using the 200-MHz antennae, as it had some vertical movement during the profiling. A second static correction step was then applied to state the correct zero time. The next processing steps were: DC and low frequency removal (dewow filtering); generating a profile of equally space traces by removals and interpolations; 2D filtering to remove the direct wave and the rest of the statics; amplitude scaling in the form of a timedependent exponential gain; band-pass filtering to reduce both the high-and low-frequency noise. As explained below, the value of the EM velocity required for the next processing steps was obtained by an iterative tuning procedure that adjusts the radar and LIDAR profiles. Once the EM velocity has been fixed, the velocity-dependent processing steps must be applied in order to finish the processing of the GPR profile. Consequently, we applied migration (Stolt f-k), conversion from times to depths and the introduction of the surface topography at zero depth. As stated, we developed a novel methodology in order to obtain the EM velocity as a result of the combination of the LIDAR processed profile and the processing of the GPR profile in an iterative tuning procedure. It starts after the non-velocity-dependent processing steps (DC removal, filtering, statics adjustment and time-dependent gain). An expected value of the EM velocity for the ground type should be selected as the starting value (c i in Fig. 7 ). Then we convert time to depth and compare depths of reflectors registered by both GPR and LIDAR. In these comparisons, we could determine whether the used velocity is slower or faster than the real one. As depth is proportional to EM velocity, using the relation between the obtained depth and the LIDARmeasured depth, we obtain the relation between the used velocity and a new and better estimate (c i?1 ) of the real EM velocity. However, as the migration effects depend on the velocity used, the comparison of both profiles is more accurate if the LIDAR profile is compared with the migrated and topographically corrected profile using this velocity. The process must be iterated and tuned until no change is needed. We obtained it testing three velocities.
Referring to the LIDAR data processing, various filters were applied to correct the noisy points and eliminate any non-natural objects that were scanned such as the control points (spheres). These filtering operations were designed to eliminate scattered and excessively distant points and points with noise (SOTOODEH 2006) . The software used for these operations was SCENE 5.1 from FARO Technologies, Inc. The point cloud was subsequently processed with Bentley Pointools V8i from Bentley Systems, Inc. A registration function algorithm was chosen as a criterion for classifying the point cloud. This algorithm performs a classification based on the position of a point at the time of registration (SITHOLE and VOSSELMAN 2004) . The final outcome of this phase is a complete 3D Digital Terrain Model (DTM) for the inner and outer cavity, referred to ETRS89. This DTM was used to obtain LIDAR profiles for comparison with the GPR records. Within this DTM, a thin section was defined consisting of two vertical parallel planes spaced a few centimeters apart. The terrain profile was generated by selecting the points recorded between the two vertical planes (see Fig. 8 ).
To compile the orthophotos, we used the corresponding orthographic photograph generator algorithm implemented on FARO SCENE 5.1 software. This algorithm uses all the scanned content (both points and objects) of a crop box to create an orthophoto (see Fig. 9 ). As the data sets recorded with LIDAR systems are three dimensional, more than one plane of image rectification can be used to generate the corresponding orthophoto. To create each orthophoto, items and objects were projected on a specific plane of projection. This projection plane is the backplane of the table and depends on the current viewpoint and viewing direction in the active 3D view (PESCI et al. 2007) . Viewpoints have been chosen perpendicular to the main axes of the cavity structures.
Finally, we made virtual reality recreations to assist in representing and identifying details inside and outside the cavities. The final products of these recreations consist of static images, video formats generated with rotational movements that show different parts of the cavities integrated on the spatial information system. Data recorded with GNSS receivers were subsequently processed with Leica Geo Office software. Data from the Continuously Operating Reference Station (CORS) GNSS regional network, along with their coordinates in the ETRS89 system (BLANCO 2010), were added to this process. IGS final solution precise ephemeris (DOW et al. 2009 ) as well as absolute antenna calibrations from the National Geodetic Survey (NGS) (BILICH and MADER 2010) were added to this process. The longest GNSS vectors were about 14 km. Ambiguities were fixed using the ionosphere free L3 combination with the Hopfield tropospheric model (HOPFIELD 1969) . The position of the static GNSS receiver was assigned a standard deviation of 0.6 cm horizontally and 1.1 cm vertically.
These static GNSS vectors used to join the geodetic control to the ETRS89 system were included along with the GNSS-RTK vectors to form a geodetic network, which was then processed using GeoLab software. Information on the variance-covariance matrices from the static method process was incorporated into this network adjustment along with those computed for the GNSS-RTK points. The estimated standard errors of the instrumentation involved were also incorporated into the network adjustment. Geoid undulations were included to compute the orthometric heights, all from the local earth gravitational model EGM08-REDNAP (IGN 2010), which ensures an average accuracy of 3.8 cm relative to the mean sea level datum in Alicante. Each of the solutions was independently weighted with an appropriate variance factor for each set of its data, with successive iterations following the procedure of ALTAMIMI et al. (2011) . The two independent solutions were the complete set of static GNSS vectors and the set of RTK vectors computed in the field. A final solution was then computed forming a unique network constrained to ETRS89 CORS regional network stations using the weighted combination of the two independent solutions. Control points used to support observations of terrestrial LIDAR and radar GPR were no further than 40 m from the fixed receiver, and the average standard deviation obtained during this final network adjustment phase of RTK was 0.9 cm horizontally and 1.7 cm in altitude.
Analysis and Discussion
A GPR profile was initially obtained following the longitudinal axes of a cavity. A LIDAR scene was then recorded of the surface where the GPR profile was made and of the internal part of the cavity. Then we created a common profile using both techniques joined using GNSS techniques, as discussed above. Special care was taken when connecting the indoor and outdoor LIDAR scenes in order to obtain a unique product for the study zone. Both the GPR and LIDAR measurement techniques were accurately positioned in order to ensure a valid EM velocity value. This was the main reason for selecting a differential carrier-phase GNSS method to join the GPR and LIDAR records. The EM velocity was obtained as a result of both measurements during the processing of the radargram (Fig. 7) . This was the final product of an iterative velocity tuning loop that joins the GPR detections with the LIDAR profiles of both the surface and the interior. This joint was obtained after the migration and topographic-correction processing steps of the radargram.
The penetration of the GPR wave in the soil was not as deep as we expected a priori. There is a wide variability in the wave-propagation parameters through the ground, depending on the soil mixture and air and water contents, as shown in Table 1 . Although we used two antennae in order to have different penetration capabilities (larger in 100 MHz) and resolution (better in 200 MHz), in both cases penetration fell short of our expectations and the cavity floors were scarcely detected in the radargrams. We attribute this to the high conductivity of the soil, as it was an artificial coverage of sandy and calcareous rock particles with a significant percentage of fine particles of silt, clay, and silty or clayey sand, and its humidity was also very high because of the previous days' rain.
As the profiles were compared combining outside GPR and inside LIDAR measurements, and because LIDAR also gives the real positions of the detections, EM velocity can be tuned in order to match LIDAR positions with GPR detections using the iterative EM velocity tuning method described above. We used the ceiling of the stairway as the main contact for the for the EM velocity in the ground medium, which is appropriate for this mixture of wet silt, sand, clay and limestone. This velocity value has been determined for local soil conditions at the time of registration of the GPR data and was therefore applied to the other GPR record made under the same soil conditions. This technique is based on the same principles as transillumination, but it has fewer needs and requires less time. The common midpoint (CMP) technique requires large wave penetration, as travel times grow with antennae offset, and accurate in situ positioning of the GPR transmitter and receiver. Following this combined GPR-LIDAR technique, the measurement of EM velocity can be obtained even using GPR with joint antennae (e.g., snake-like or shielded antennae). The involved measurement is noninvasive since only LIDAR works inside of the cavity, and no physical installation is needed (e.g., to support an antenna in contact with the ceiling of the cavity dome, at ca. 5 m over the cavity floor, as needed for transillumination). No in situ accurate positioning is required in this technique. However, the positioning of GPR traces and reflectors is measured with the accuracy of GNSS and LIDAR, respectively, once their data have been processed. Figure 10 shows the 100-MHz GPR profile obtained from itinerary 1 (Fig. 4) , both with and without interpretation. The former is shown in the upper panel, superimposing the transparent GPR profile on the LIDAR profile. The interior profile of the wine cellar detected by LIDAR is represented by dotted lines (hidden cavities are not detected). The GPR detection is shown by dashed lines and the road level by a horizontal dash-dotted line. As we could verify in situ, the dome is an artificial piece covering the cavity, from which it can be seen in the figure that rests on the road level, at the center of the profile. A resonance effect can be seen in the stairway zone produced by multiple reflections between the stair treads and the ceiling. Some resonance effect is also visible within the dome cavity. Some spaces and structures not visible from the inner cavity, and consequently nondetectable by the LIDAR, are detected at the GPR profile. Examples of this are a discontinuity over the structure that supports the roof stairs or the chimney pipe (the almost vertical thick line at the left of the dome in Fig. 10 ) and a wide cavity or hidden structure around it. However, an uncertainty of ca. 0.5 m must be taken into account because of the limited resolution capability of the 100-MHz GPR. Consequently, differences less than 0.5 m between GPR and LIDAR detections must be assumed as within the GPR uncertainty.
Using the EM velocity obtained from the longitudinal profile shown in Fig. 10 (itinerary 1 of  Fig. 4) , the domes of nearby cavities (less than 30 m away) were detected using a 200-MHz GPR profile (itinerary 2 in Fig. 4 ). These cavity domes are shallower than 2 m, as shown in Fig. 11 .
Summary and Conclusions
We present a methodology to determine the EM velocity of the ground because of a combination of LIDAR DTM with GPR profiles. This constitutes a novel methodology to estimate the EM velocity of the ground in GPR profiles. This technique is easier and faster as compared with other classical techniques such as common mid-point or transillumination. It also has fewer needs for the GPR, as it can be implemented using a GPR with joint antennae (e.g., snake-like or shielded antennae) using standard common offset cables, and propagation paths are shorter than in CMP. The accurate positioning required for GPR and LIDAR profiles is not required in situ, but a posteriori, after their processing. This methodology is suitable for use in other shallow underground spaces with access from the surface, such as other natural cavities, archaeological cavities, sewerage systems, drainpipes or other multipurpose constructed underground spaces.
We conducted a survey using GPR assisted with LIDAR and GNSS techniques over some cavities used for underground wine cellars in Atauta (Soria, Spain) with basically 1 h of fieldwork. This survey allowed the correct detection of the inner structures of cavities in high resolution and with great accuracy. GNSS techniques provided an accuracy of centimeters to the positioning of both the GPR profiles and LIDAR DTM. Two different GPR antennae-200 and 100 MHz-were used, detecting the presence of structures such as the entrance beam, chimney and other nearby entrances. Our methodology provided good results of the EM velocity estimate, even though some cavity floors were almost undetected in the radargrams because of the high conductivity of the wet soil. The ground over the cavity was an artificial porous covering of sandy and calcareous rock particles with a high percentage of fine particles, and it was wet because of a recent rain.
This project may contribute to the declaration of underground cellars as elements of cultural interest by the Comisión de Patrimonio Cultural de Castilla y León-Junta de Castilla y León (Heritage Department of the Regional Government of CastileLeon).
Figure 10
The lower panel shows a GPR profile (longitudinal profile 1 over cellar b in Fig. 4) ; the upper panel shows the same transparent GPR profile superimposed on the LIDAR profile, matching both surfaces and detections, because of an iterative EM velocity tuning (explained in Fig. 7) . Several distances are measured. LIDAR measurement is marked by dotted lines; dashed lines represent some GPR detections of cavities and structures above the cellar. The horizontal dash-dotted line represents the road level . 172, (2015) Characterization of Cavities 3135
